Abstract. In this paper, electrodeposition of copper films and copper lines with direct and pulse currents is compared. In the first step, electrical and physicochemical characterizations of the copper films are realized, and the optimized electrodeposition parameters are so determined. The use of pulse reverse current is also investigated. In the second step, these parameters are applied to micromolding. Copper lines are electro-deposited and compared in order to determine the more suitable current mode for micromolding.
Introduction
The fabrication of microdevices by micromolding involves a very good control of the metallic growth through holes with various lateral dimensions. Recently, micromolding using very thick photoresists (AZ4562 and SU-8 [1] [2] [3] ) has allowed pattern fabrication with a thickness of several hundreds of micrometers and presenting an aspect ratio close to 10 . In contrast to conventional LIGA process, the metallic patterns realized by UV-micromolding appear after mold removal without a polishing step. In order to permit a good thickness, composition homogeneity (in the case of an alloy) and a smooth surface, the nucleation rate and the growth rate have to be the same on the whole surface of the wafer. However, the resist patterns influence the current distribution and mass transport [4] [5] [6] [7] . To limit the thickness and composition variation, several authors suggest the use of pulse current or pulse reverse current [8] [9] [10] . In this paper, we present preliminary results concerning the copper electrodeposition through photoresist patterns using direct and pulse currents.
Experimental details
A 200 nm thick copper seed layer was first evaporated onto cleaned, high-resistivity silicon (100) wafers with a n-doping density around 10 14 cm −3 and a thickness of 280 µm. Mold realization requires a thick-resist UV lithographic process. We used AZ4562 positive photoresist (Hoechst) which has both a high transparency in the UV wavelength range used and a high viscosity.
After a classical spin-coating, the resist was baked on a hotplate with a temperature ramp from 20 to 90
• C in 15 min and a plateau at 90
• C for 45 min. The photoresist layer was exposed in a Karl-Süss mask aligner with a 1500 mJ cm −2 dose. The patterns were then developed in a diluted alkaline solution (AZ400K) for 5 min.
The final resist thickness was about 18 µm and the patterns presented a high aspect ratio close to eight (figure 1). AZ4562 photoresist can also be used for 3D mold patterning by gray-tone photolithography [11] .
Copper electrodepositions were performed with a threeelectrode system where the working electrode was the sample to plate and the counter electrode was a high-purity copper sheet. A saturated calomel electrode was used as the reference.
These experiments were carried out with a galvanostat/potentiostat (EG and G, Princeton Applied Research 263A) allowing direct or pulsed electrodepositions, at room temperature and with magnetic stirring. 
Results and discussion
The first part of this study deals with the characterization of copper electrodeposits on evaporated copper films without resist patterns in order to optimize the process. In the second part, these results are applied to the patterning of copper by electrodeposition through resist molds. In the first step, direct galvanostatic copper depositions have been performed. Figure 2 exhibits the copper deposition rate and surface morphology of electrodeposited copper with the applied current density.
In accordance with Faraday's law, the copper deposition rate varies linearly with the current density in the studied range. The resulting slope is 136 Å min −1 cm 2 mA −1 . The deposition rate is 0.7 µm min −1 for a current density of 50 mA cm −2 . SEM micrographs of electrodeposited copper surface show that the smoother surface is obtained with a current density of 50 mA cm −2 . Analysis of AFM images confirm this observation. The measured root-mean-square (rms) roughness is 11 nm (figure 3). At 50 mA cm −2 , the copper deposits display an electrical resistivity of 1.8 µ cm for a thickness of 10 µm, which is close to bulk value.
The current efficiency obtained is low, about 60%, which could be due to the presence of a competitive reaction with the Cu 2+ reduction. Thickness measurements by mechanical profilometry have been realized and reveal an important thickness inhomogeneity of the copper electrodeposits which can be explained by edge effects. So, the thickness very close to the edge of the sample can be up to three times the thickness at the center for a 1 cm 2 sample. However, homogeneity is satisfactory (10%) on about 60% of the sample surface.
In a second step, similar to the first, pulse and pulse reverse copper electrodepositions were investigated. This was realized in order to avoid the mass-transport effects of the active species in patterns having small dimensions or large aspect ratios. However, in agreement with the Wagner number, the thickness inhomogeneity of the patterns due to the edge effect could be larger for the pulse current mode than for the direct current mode [12] . The variation of the deposition rate with mean current density is identical for pulse and direct mode (figure 2). The comparison between direct and pulse copper depositions properties is then relevant.
Copper electrodepositions were realized at three different mean current densities (30, 50 and 70 mA cm −2 ). The corresponding current densities applied during the pulse times were, respectively, 120, 200 and 280 mA cm −2 . The pulse time duration was 8 ms, whereas the cycle duration was 32 ms.
As for direct copper electrodeposition, the smoother surfaces were obtained with a mean current density of 50 mA cm −2 , but analysis of AFM images revealed a larger rms roughness of 20 nm in the pulse current mode (figure 4). The thickness inhomogeneity observed with pulse current and electrical resistivity (1.9 µ cm) are in the same order as with direct current. The current efficiency is about 62% and is identical with the direct current value.
Finally, it seems that the use of pulse current is not favorable in these experimental conditions since the copper properties are not improved. Moreover, roughness is increased in comparison with the direct electrodeposition of copper.
Copper electrodepositions with pulse reverse current were performed with the aim to improve thickness homogeneity. Indeed, a preferential copper dissolution is expected on the edge of the sample during application of the the anodic current. Smooth surfaces were obtained with cycles, including a cathodic current of 45 mA cm −2 for 80 ms and an anodic current of −12 mA cm −2 for 4 ms. The measured rms roughness is about 11 nm (figure 5) which is identical with the value obtained with direct current. The electrical resistivity is 1.8 µ cm, close to the bulk value. The current efficiency is slightly enhanced and reaches 70%.
As expected, the edge effect is reduced, but surface scans by mechanical profilometry reveals a more unpredictable profile due to copper dissolution during the application of the anodic current. The samples realized in these parts were also analyzed by x-ray diffraction. X-ray diffraction patterns show that whatever the current mode used, the copper films studied have a, common, face-cubic centered structure.
The final part of this study deals with realization of 2D electrodeposited copper structures by micromolding. Three samples were realized using direct current, pulse current and pulse reverse current, with the respective parameters described above. Figures 6-8 show 20 µm wide copper lines electrodeposited, respectively, by direct current, pulse current and pulse reverse current methods. It appears that the smoother and the more homogeneous lines are obtained with direct current (figure 6). Indeed, pulse electrodeposited copper lines present a larger roughness (figure 7) whereas pulse reverse current gives copper lines with important thickness inhomogeneity, probably due to a large copper dissolution at the line tips (figure 8).
Conclusion
In this paper, preliminary results concerning direct and pulse current use to perform copper electrodeposition have been presented. In all the cases, the crystalline structure is a face-centered cubic structure. The smoother and the more homogeneous patterns are obtained with the direct current method. Other experiments have to be made concerning reverse pulse current with varying off and on times.
